Introduction

NAD(P)
+ -dependent glucose dehydrogenase (EC 1.1.1.47; GlcDH) is an enzyme distributed in a wide variety of prokaryotic organisms and catalyzes the conversion of β-D-glucose to D-glucono-1,5-lactone, employing NAD(P) + as a cofactor.
Based on sequence and structural similarities, two distinct GlcDH classes are defined.
Archaeal GlcDH is one of the members of the medium-chain dehydrogenase/reductase (MDR) superfamily, with a subunit weight of approximately 40 kDa, and contains structural and catalytic zinc ions. 1, 2 The structures of MDR-type GlcDH are reported for the Thermoplasma acidophilum GlcDH in a ligand-free form, 2 the Haloferax mediterranei enzyme in a ligand-free form, 3 and for the Sulfolobus solfataricus enzyme in complex with a substrate and the cofactor NADP + . 4 These archaeal GlcDHs generally display dual substrate specificity for both D-glucose and D-galactose and are found to participate in the first step of the nonphosphorylative Entner-Doudoroff pathway, a promiscuous sugar metabolic pathway for pyruvate synthesis. [4] [5] [6] Eubacteria, such as
Bacillus species, also contain GlcDHs that belong to the short-chain dehydrogenase/reductase (SDR) superfamily, 7, 8 with a typical molecular weight of 25 to 30 kDa. As against the MDR-type GlcDHs, the Bacillus GlcDH is highly expressed in germinating spores and plays a crucial role in the production of large amounts of NADH that serves as an ATP source for spores. 9, 10 The MDR and SDR enzymes are structurally related and have a common dinucleotide-binding motif, i.e., the Rossmann fold; 11 however the active site structure and reaction mechanism are dissimilar, indicating a functional convergence.
Although most archaea possess only MDR-type GlcDHs, genome analysis of the thermoacidophilic archaea T. acidophilum 12 identified three SDR-type GlcDH homologous genes (Ta0754, Ta0191, and Ta0747). We previously demonstrated that Ta0754 was able to oxidize several monosaccharides, including D-mannose, 2-deoxy-D-glucose, D-xylose, D-glucose, and D-fucose, with a preference for NAD + rather than NADP + as a cofactor. 13 Surprisingly, Ta0754 acts the most effectively on D-mannose, and it should be noted that Ta0754 is thus far the only enzyme that exhibits reasonable dehydrogenase activity toward D-mannose, employing NAD + as a cofactor.
Its activities against a wide range of monosaccharides suggest that Ta0754 might be involved in the metabolism of these sugars to utilize them as carbon or energy sources.
The substrate selectivity of Ta0754 is correlated with that of the Gluconobacter cerinus D-aldohexose dehydrogenase (EC 1.1.1.119) 14, 15 and the Pseudomonas sp. D-aldohexose dehydrogenase (EC 1.1.1.118) 16 rather than various Bacillus GlcDH isozymes. Ta0754
was thus considered to be a novel archaeal D-aldohexose dehydrogenase and was designated AldT.
In contrast to ubiquitous glucose oxidizing enzymes distributed both in prokaryotes and eukaryotes, such as flavoprotein (FAD-containing) glucose oxidase (EC 1.1.3.4), 17, 18 quinoprotein (pyrroloquinoline-quinone (PQQ)-containing) glucose dehydrogenase (EC 1.1.5.2), 19, 20 and GlcDHs, AldT is a notable enzyme that exhibits high dehydrogenase activity for D-manno se and relatively low activity for D-glucose.
The unique substrate selectivity of AldT may be useful for the quantitative determination of D-mannose in clinical tests. Furthermore, it is of interest to investigate how AldT structurally discriminates between various monosaccharides, particularly D-mannose and its C2 epimer D-glucose-the most chemically stable and abundant D-aldohexose in nature. To date, the structure of the Bacillus megaterium glucose dehydrogenase (BmGlcDH) has been reported only for the complex with the cofactor 5 NAD + , 21 and no structural information on its monosaccharide-binding mechanism is yet available. Here, we describe for the first time the crystal structures of AldT in ligand-free, NADH-bound, and substrate D-mannose-bound forms at 2.1 Å, 1.65 Å, and 1.6 Å resolution, respectively. Structural comparison between AldT and BmGlcDH provides structural insights into the substrate recognition mechanism by these enzymes.
The structures also revealed an unusually extended C-terminal tail that might be involved in the enzyme activity.
Results and Discussion
Subunit structure of AldT
The structure of AldT was solved by the molecular replacement method using BmGlcDH fragments as a search model and was refined with reasonable stereochemical quality to a resolution of 2.1 Å for the ligand-free form (R work = 18.9%, R free = 21.9%), The subunit of AldT forms a single globular structure with approximate dimensions of 35 Å × 40 Å × 50 Å and consists of 7 α-helices, 7 β-strands, and four 3 10 -helices (Figures 1(a) and 2). The structure of AldT contains a slightly modified Rossmann fold motif, 11 with a twisted parallel seven-stranded β-sheet in the order β3-β2-β1-β4-β5-β6-β7, flanked on both sides by a total of five α-helices (α1-α4, α7).
The other two α-helices, i.e., α5 and α6, lie between β6 and α7 by forming a helix-turn-helix motif and are located adjacent to the core framework of an α/β structure.
The helix-turn-helix motif protrudes from the globular body of the subunit structure and creates the entrance of the substrate-binding pocket. One intramolecular disulfide linkage is found between Cys173 and Cys238 that belong to β6 and β7, respectively. An additional intriguing feature of the subunit structure is the existence of an extended C-terminal tail consisting of nine residues, i.e., 247-255 ( Figures 1 and 5(a) ). Clear electron density reveals that the C-terminal tail is not flexible but is highly ordered along the neighboring subunit and is likely to be involved in tetramer assembly and substrate binding, as discussed later.
Tetrameric assembly
Intermolecular interactions in the crystal lattice clearly indicate that AldT assembles into a stable tetramer (Figure 1(c) ), which is consistent with the previous result of gel filtration chromatography. The tetramer is described as a dimer of dimers with a 222 point-group symmetry mediated by three perpendicular 2-fold axes that are conventionally termed the P-, Q-, and R-axis. 23 The asymmetric unit contains two subunits (molecules A and B) that are related by noncrystallographic 2-fold symmetry, and these two subunits create the most extensive intersubunit interface (Q-interface).
Two α-helices (α3 and α4) predominantly participate in the Q-interface interactions and form a four-helix bundle structure. The Q-interface is formed by a number of hydrophobic interactions that are formed with hydrophobic and aromatic residues such as Ile89, Trp97, Ile101, Leu105, Phe106, and Tyr109. The tetramer can be generated from the dimer in the asymmetric unit with crystallographic 2-fold symmetry, and additional two intersubunit interfaces AB′ (or BA′) and AA′ (or BB′) consequently arise (prime signs represent identical subunits related by crystallographic 2-fold symmetry).
The AB′ (or BA′) interface (P-interface) is created by hydrophobic residues, such as Phe225, Ile234 and Leu239, located around the α7-β7 region and by one ion pair between Glu230 and Arg26. In contrast to these intersubunit interfaces, the AA′ (or BB′)
interface (R-interface) is rather small-scale but exhibits a unique characteristic, i.e., the R-interface is created by the interactions between the entrance of the substrate-binding pocket and the C-terminal tail. Seven hydrogen bonds and a number of van der Waals contacts are formed for the creation of the R-interface. These elaborate interactions suggest that the R-interface is not an artifact generated by crystallization, as discussed in the last section.
Structure comparison with BmGlcDH
The structural similarity search utilizing the DALI server 24 demonstrated that several enzymes belonging to the SDR family fold into a structure similar to that of AldT, and it is found that the most structurally homologous enzyme is BmGlcDH (PDB code, 1GCO; Z score, 34.8; r.m.s.d., 1.9 Å for 244 Cα atoms). Figure 1(b) shows the superimposition of the AldT and BmGlcDH structures. Although the overall fold of the AldT and BmGlcDH structures is primarily identical, there are also three apparent differences. The first difference is that one α-helix is missing in AldT; this is observed between β2 and β3 as a part of the βαβαβ motif that is observed not only in BmGlcDH but also in all Rossmann fold enzymes. In AldT, 12 residues are deleted in comparison with the corresponding region of BmGlcDH, resulting in the disruption of the α-helix formation ( Figure 2 ). This structural part is in proximity to the adenine ribose moiety of the bound cofactor and comprises a key structural determinant for cofactor specificity as described later. The second and third differences are found in the helix-turn-helix (α5-α6) region and in the C-terminal tail. AldT has nine additional residues in the α5-α6
region and creates a deep groove comprising the substrate-binding pocket (Figures 1   and 2 ). It is of interest that the extended C-terminal tail donated from one of the adjacent subunits is elaborately fitted into this groove with forming the most part of the R-interface, and completely shuts the substrate-binding pocket. In contrast to AldT, the substrate-binding site of BmGlcDH is opened up to the solvent due to the presence of additional 3 10 -helix at the C-terminal region (Figures 1(b) and 2).
Cofactor binding site
Thanks to the high-resolution structure analysis, we established the complete atomic model of the bound NADH (Figure 3(a) ), and all the residues and solvent molecules that directly interact with NADH were identified ( Table 2 ). The bound NADH was located at the C-terminal edge of the seven-stranded parallel β-sheet in an extended conformation. The distance between C6 of the adenine ring and C2 of the nicotinamide ring is 14.2 Å; this is very similar to that of BmGlcDH 20 and is close to those of various other SDR enzymes. The adenine ring is positioned in an anti conformation, while the nicotinamide ring moiety is in a syn conformation with respect to each corresponding ribose. Both the ribose rings of the bound NADH adopt the C2′-endo puckering mode. These conformational properties of the bound NADH are also common among most SDR enzymes.
SDR enzymes share a common structural framework for dinucleotide binding,
i.e., the so-called Rossmann fold, including the extended consensus sequence GXXXGXG. 8, 25 Among the SDR enzymes, BmGlcDH has the highest structural similarity to AldT, as described above, and the conformation of the cofactor and the nearby residues of BmGlcDH are similar to that of AldT. However, a striking difference is also found in the loop structure near the adenine ribose moiety of the bound NADH.
Although the structure of BmGlcDH is solved in a complex with NAD + , biochemical studies revealed that the preference of BmGlcDH for NADP + exceeds that for NAD + by 10-fold. 26 The preference for NADP + is consistent with the presence of the basic residues arginine (Arg39) and lysine (Lys41) that lie at a reasonable position for binding to the negatively charged 2′-phosphate of NADP + ( Figures 2 and 3(b) ). These residues are derived from the loop structure linked between β2 and β3. In contrast to BmGlcDH, the corresponding loop in AldT is located even more proximal to the adenine ribose moiety owing to the deletion of 12 residues as compared to BmGlcDH (Figure 3(b) ).
There are no basic residues, such as arginine and lysine, in this loop structure, and moreover, a steric clash is expected to occur between the 2′-phosphate and the loop region when NADP + is bound to AldT. These structural properties clearly account for the difference in cofactor specificity between AldT and BmGlcDH. Several NAD + -dependent enzymes in the SDR family also exhibit a strategy similar to that adopted by AldT for the preclusion of NADP binding, that is, they provide neither basic residues nor the space for the 2′-phosphate to bind to the enzyme.
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Structural d iscrimination between D-mannose and D-glucose
We first attempted to solve the structures of the AldT:monosaccharide binary complex by utilizing crystals grown in the presence of an excess molar concentration of various monosaccharides. However, no electron density for sugar substrates was An unexpected finding is that the D-mannose complex structure completely lacks the electron density for NADH.
One can assume that NADH would gradually depart from the enzyme in the crystallization droplets, but the reason is not known.
Clear electron density for the pyranose ring of the bound D-mannose is found; it
shows that the bound D-mannose is in the C1 ( 
Structural insights into substrate selectivity of AldT
AldT is able to oxidize several five-and six-carbon sugars such as , and D-altrose (C3 epimer of D-mannose), as previously described. 13 As far as we know, there are no reports that GlcDHs as well as AldT recognize the furanose form or aldehyde (linear) form of sugars. In addition, the aldohexoses and aldopentoses described in this paper are more preferably present in a pyranose form than in a furanose form in the solution state. 28 Thus, the following discussion is limited to those sugars in a pyranose form with stable C1 chair conformation. 
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The current models clearly show that the axial C3 hydroxyls of these sugars would be located near the Val182 side chain at a distance of approximately 2.8 Å and thus a repulsive force must preclude the binding of these C3
epimers to the enzyme.
Catalyt ic mechanism of AldT
The catalytic mechanism of the dehydrogenase activity of the SDR family enzymes has been well examined. 7, 29, 30 There is a conserved catalytic triad, namely, Ser-Tyr-Lys at the catalytic site, and the tyrosine residue functions as a catalytic base and abstracts the proton from the substrate. The serine plays a role in the stabilization of the bound substrate, and the lysine indirectly interacts with hydroxyl of the tyrosine residue via the 2′-hydroxyl of the nicotinamide ribose of the cofactor and lowers its pK a .
7,29,30
The catalytic triad is also structurally conserved in AldT, suggesting that AldT employs the same catalytic mechanism. The current model of the bound D-mannose lacks the C1 hydroxyl due to poor electron density, and we could not experimentally determine whether the bound D-mannose is α-form, β-form, or a mixture of α-and β-forms. However, considering the structural environment at the substrate-binding site, it is suggested that the α-D-mannose cannot bind to the enzyme because the C1 hydroxyl of the α-form sterically clashes with the nicotinamide ring moiety of the bound cofactor. The C1 hydroxyl of β-D-mannose, in contrast, is able to reasonably form hydrogen bonds with the side-chain hydroxyls of Tyr145 and Ser132 that correspond to two residues of the catalytic triad described above (Figure 4 (b) and Table   2 ). As a result, a true substrate for AldT is probably not α-but β-D-mannose as in the case of Bacillus GlcDHs that act on only β-D-glucose. 
C-terminal tail shuts the substrate-binding pocket
In all the three structures described in this study, the highly ordered C-terminal tail (residues 247-255) is found to be located along the groove of the neighboring subunit related by crystallographic 2-fold symmetry ( Figure 5 ). The groove comprises the substrate-binding pocket, and thus the active site is inaccessible to the solvent owing to the C-terminal tail. The tail is sandwiched by the loop between β5 and α4 and the helix-turn-helix motif α5-α6, and the elaborate intersubunit interactions are formed The elaborate intersubunit interactions at the entrance of the substrate-binding pocket imply that the C-terminal tail might be involved in the enzymatic function of
AldT. In fact, C-terminal deletion mutants show no activity against any monosaccharides (unpublished data). One possibility is that the C-terminal tail plays a role in stabilization of the active-site conformation during the catalytic reaction.
Although the tail does not directly interact with the substrate or the substrate-binding residues, the current structures unambiguously show that it interacts with the hydrophobic residues Tyr86, Ile137, Trp204, and Leu245, proximal to the substrate-binding site at distances of van der Waals contacts, and prevents them from being exposed to the solvent (Figures 5(b) and 5(c)). It is thus suggested that these interactions may stabilize the active-site conformation and promote the catalytic reaction. It is also noteworthy that the C-terminal tail is highly ordered along the active-site groove even in the substrate-free enzyme. Closed structures both in the substrate-free and substrate-bound forms indicate that AldT does not employ the so-called "induced-fit" mechanism for the capture of the substrate, and it is likely that the closed structure entails the limit of substrate accessibility to the active site. The previous results of the enzyme assay actually demonstrated that the activity at 20 °C is less than 10% of the maximum activity detected at 70 °C, and the closure of the active site may partially account for this relatively low activity of AldT at room temperature.
One can easily assume that the substrate-binding site would gradually be opened up and exposed to the solvent as the thermal vibration increases, and the resulting high mobility of the C-terminal tail would facilitate substrate binding and product release. There is another possibility that the ordering of the tail is a prerequisite for this crystal form to grow and that the tail orders on substrate binding in solution. The current structure analyses, however, provide no conclusive evidence for the relationship between the C-terminal tail and the substrate accessibility or enzyme activity. Various C-terminal deletion variants and more directed mutagenesis will allow us in future studies to determine its actual role in enzymatic function.
Materials and Methods
Protein expression and purification
Recombinant AldT was overexpressed and purified as described earlier 13 but with a slight modification. Briefly, the gene encoding AldT was cloned into a pET28a expression vector (Novagen) with a hexahistidine tag at the C-terminus, and the plasmid was transformed into Escherichia coli BL21(DE3)-RIL cells. The overexpressed enzyme was purified from the cell lysate in one step using nickel nitrilotriacetic acid (Ni-NTA) resin (QIAGEN), according to the manufacturer 's instructions. The quality and quantity of the purified enzyme were checked by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and the Bradford protein assay (Bio-Rad). The activity of His-tag-fused AldT was confirmed based on the method previously described. 13 The high purity enzyme was dialyzed against 25 mM Tris-HCl buffer (pH 7.5) containing 20% (v/v) glycerol and was frozen at 193 K until the crystallization experiment.
Crystallizat ion
All crystallization experiments were carried out by the hanging-drop or sitting-drop vapor-diffusion method at 293 K. Each drop was formed by mixing equal volumes (1.0-2.5 µl) of a reservoir solution and sample solution and was equilibrated against the reservoir solution (up to 500 µl). The initial crystallization screenings and the optimization of the hit conditions for ligand-free AldT were previously described.
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To obtain better crystals, we applied the streak-seeding method. 33 The crystals used as 
X-ray diffraction studies
All X-ray diffraction data sets were collected under cryogenic conditions at 100 K using synchrotron radiation. Since all the crystals used for X-ray diffraction studies could be prepared in the mother liquor containing 15-20% (v/v) glycerol, they were directly flash-cooled under a nitrogen gas stream at 100 K without soaking in an artificial cryoprotectant. Almost complete X-ray diffraction data sets for the ligand-free form and the NADH complex were collected at beamline BL5A of Photon Factory (PF; Tsukuba, Japan), using a Quantum-Q315 charge-coupled-device (CCD) detector (ADSC) up to a resolution of 2.2 Å and 1.65 Å, respectively. The diffraction data for the D-mannose-bound form were collected at PF BL6A using a Quantum-4R CCD detector up to a resolution of 1.6 Å. All the measured diffraction spots were indexed, integrated, and scaled using the HKL2000 program package. 34 These crystals were found to be isomorphous to each other: all the crystals were of space group P3 2 Table 1 .
Phasing and model refinement
The structure of AldT in the ligand-free form was solved by the molecular replacement method using the programs AmoRe were calculated from the model using the program SFALL 38 within the CCP4 suite, 39 and phase improvement techniques (by solvent flattening, histogram matching, and noncrystallographic symmetry (NCS) averaging) were applied using the program DM. 40 The resultant electron density map was of high quality and was clearly interpretable.
Model building of the ligand-free structure was achieved using the graphic of Uppsala on the Uppsala website. 43 The programs PROCHECK 44 and WHATIF 45 were used to assess the quality of the final refined model. The refinement statistics are summarized in Table 1 .
Model analyses
DALI server 24 was utilized for structural similarity search against all known structures deposited in PDB. Superimpositions of protein models were performed using program LSQKAB. 46 Secondary structure elements were determined by program WHATIF. 45 The program SURFACE 47 within CCP4 suite 39 was used for calculation of solvent-accessible surface area. All figures for molecular drawings are prepared using PyMol (DeLano Scientific; http://pymol.sourceforge.net/).
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The atomic coordinates and structure factor amplitudes for ligand-free, 
, where <I h > is the mean intensity of a set of equivalent reflections. c Rwork = Σ |Fobs -Fcal c| / Σ Fobs for the 95% of the reflection data used in the refinement. Fobs and F calc are observed and calculated structure factor amplitudes, respectively. d R free is the equivalent of R work , except that it was calculated for a randomly chosen 5% test set excluded from the refinement. 
